Repetitive heteronuclear decoupling schemes are suscepti-spins interchanges the a and b labels. For I spins at resoble to the problem of cycling sidebands (1). Viewed in the nance near the center of the sweep, the adiabatic pulse causes time domain, decoupling is basically a repeated refocusing reconvergence after a time period of approximately 0.5T, of the divergence of magnetization vectors due to the spin-i.e., near the end of the sweep. They reach full divergence spin coupling, and unless the focusing is precise and the again near the center of the next adiabatic sweep, ready for sampling of the observed signal is exactly synchronized with refocusing. Consequently, these principal sidebands are most the focus points, spurious modulation is normally introduced intense for spins with chemical shifts near the middle of the into the free induction decay. The Fourier transform of these sweep. oscillatory artifacts consists of pairs of modulation sidebands
4 of the sweep remains low. Note that for a given B 2 (max), a linear frequency sweep involves the shortest possible sweep duration width. This can be understood by considering a two-spin system, IS, in which the S-spin response is represented by and therefore the weakest subharmonic sidebands. The intensity of the subharmonic sidebands decreases rapidly as the two vectors (a and b) arising from the coupling J IS . The vectors a and b diverge at an angular rate {pJ IS rad s 01 duty cycle is reduced; for a 50% duty cycle, the principal and the subharmonic sidebands have comparable intensities, and begin to reconverge when adiabatic inversion of the I FIG. 3 . Modulation of the S-spin free induction signal ''on resonance'' during the bi-level decoupler scheme (see text). The onset of modulation was delayed by operating the decoupler at a higher level during a variable period t L Å Tk/n, with T Å 2.2 ms, n Å 4, and (a)
whereas for a 25% duty cycle, the subharmonic sidebands
and (e) k Å 4. Constant adiabaticity WURST-2 pulses virtually disappear. (9) at a level of 10.5 kHz were used for the high-level decoupling; WURSTFor the suppression of the principal sidebands it is useful 12 pulses with gB 2 (max)/2p Å 6.2 kHz and a 27.3% duty cycle were used to consider the spurious modulation of the S-spin signal in for low-level decoupling, which is equivalent to gB 2 (rms)/2p Å 2.7 kHz. the time domain (Fig. 3) . Suppression can be achieved by averaging n (or a multiple of n) successive S-spin free induction decays recorded with different initial delays t L Å Experiments were carried out to test this scheme by obTk/n of the onset of this modulation. Typically k runs from serving protons decoupled from 13 C in enriched methyl iozero to n 0 1. This procedure entails ''locking'' the system dide. Decoupling and acquisition were preceded by a 90Њ for the short period t L in a condition where cycling modula-purge pulse on 13 C to remove antiphase proton responses. tion is negligible. Ideally, a refocusing scheme could be (This precaution can be important in, for example, heteroemployed during t L , with a single short inversion pulse at nuclear multiple-quantum correlation experiments with systhe midpoint. In practice we use a bi-level decoupling tems containing a range of different values of the spin-spin scheme in which the decoupler is at such a high level during couplings, and where any choice of the refocusing delay t L that modulation effects can be neglected until the decoupler is returned to its normal low level for the remainder of the acquisition time. The increasing delay of the onset of the cycling modulation is illustrated in Figs. 3b through 3e. For the purposes of this illustration n Å 4 and k runs from 0 to 4; in the experiments described below n Å 8. Averaging over a complete set cancels this modulation and therefore suppresses the principal cycling sidebands. remainder of the acquisition period, low-level decoupling was implemented by a windowed WURST-12 adiabatic sweep with a duty cycle of 27.3%. Although the peak decoupler level was relatively high [gB 2 (max)/2p Å 6.2 kHz], the average power was only equivalent to a constant radiofrequency level gB 2 (rms)/2p Å 2.7 kHz. In this manner the bi-level decoupling shifts the onset of the cycling modulation, and the level of the principal cycling sidebands is progressively attenuated as the number of steps k is increased. Increments up to k Å 15 were used (Fig. 4) , spanning a period 2T; note that under these conditions windowing might not be strictly necessary. Figure 5 was obtained with the experimental conditions  FIG. 5 . Cycling sidebands observed under the experimental conditions used for Fig. 4e ; it includes a 500-fold vertical expansion of Fig. 4e . The 500-fold vertical expansion of the lower trace shows that to show that all the cycling sidebands have been reduced to all the residual sidebands are now less than 0.05% of the height of the main less than 0.05% of the intensity of the decoupled resonance. There is also some collateral suppression of the inner cycling sidebands which arise from the weaker modulation by the five-step phase cycle, because, with k running from 0 to 15, leaves antiphase proton components.) During the initial the locking periods t L were long enough to allow partial ''locking'' period t L , the peak decoupler level was cancellation of time-shifted components. The weak, lowgB 2 (max)/2p Å 9.2 kHz with a duty cycle of unity (no frequency sinusoidal oscillation in the baseline is attributable windows). The WURST-2 decoupling scheme was emto the slight perturbation of the proton signal during t L . ployed with T Å 2.2 ms and an optimized sweep rate (9) .
The decoupling scheme used for the experiments of Figs. This is equivalent in power dissipation to a constant decou-3 through 5, ECO-WURST, eliminates cycling oscillations pler level gB 2 (rms)/2p Å 5.6 kHz. The first period T was and cleans up the baselines of decoupled spectra. A stringent divided into n Å 8 equal time segments of 275 ms each, and high-level decoupling was imposed for k segments. For the test of spectral purity is to record clean 13 C-and 15 N-decou- pled two-dimensional proton-proton Overhauser (NOESY) sidebands,'' related to the (slower) repetition rate of the five-step supercycle (19), are reduced to a very low level spectra of a uniformly 13 C, 15 N doubly labeled protein, where the unambiguous detection of weak cross peaks is essential by taking care to satisfy the adiabatic condition (Q Å 2.8 in these experiments). With these precautions, all sidebands for structure determination. Simultaneous broadband decoupling of both heteronuclear species puts severe demands on are held below 0.05% of the intensity of the decoupled line, and the residuals are mainly attributable to subtraction errors decoupling efficiency and requires effective suppression of cycling sidebands.
due to instrument instabilities. The ECO-WURST scheme permits the detection of weak cross peaks in multidimen- Figure 
